Background: Maternal thyroid dysfunction has been associated with a variety of adverse pregnancy outcomes. Laboratory measurement of thyroid function plays an important role in the assessment of maternal thyroid health. However, occult thyroid disease and physiologic changes associated with pregnancy can complicate interpretation of maternal thyroid function tests (TFTs). Objective and methods: To 1) establish the prevalence of laboratory evidence for autoimmune thyroid disease (AITD) in pregnant women; 2) establish gestational age-specific reference intervals for TFTs in women without AITD; and 3) examine the influence of reference intervals on the interpretation of TFT in pregnant women. Serum samples were collected from 2272 pregnant women, and TFT performed. Gestational age-specific reference intervals were determined in women without AITD, and then compared with the non-pregnant assay-specific reference intervals for interpretation of testing results. Results: Thyroid peroxidase antibodies (TPO-Ab) and thyroglobulin antibodies (Tg-Ab) were positive in 10.4 and 15.7% of women respectively. TPO-Ab level was related to maternal age, but TPO-Ab status, Tg-Ab status, and Tg-Ab level were not. Women with TSH O3.0 mIU/l were significantly more likely to be TPO-Ab positive. Gestational age-specific reference intervals for TFT were significantly different from nonpregnant normal reference intervals. Interpretation of TFT in pregnant women using non-pregnant reference intervals could potentially result in misclassification of a significant percentage of results (range: 5.6-18.3%). Conclusion: Laboratory evidence for thyroid dysfunction was common in this population of pregnant women. Accurate classification of TFT in pregnant women requires the use of gestational age-specific reference intervals.
Introduction
During pregnancy, proper maternal thyroid function is important for both the mother and child (1) . This is especially true during the first trimester, when the developing fetus is completely dependent on the mother for thyroid hormones that are critical for optimal development (2) . Maternal thyroid dysfunction during pregnancy has been shown to be associated with a number of adverse outcomes. For example, elevated maternal thyroid-stimulating hormone (TSH) has been associated with an increased risk of pre-term birth, placental abruption, fetal death, and impaired neurological development in the child (3, 4, 5) . Similarly, the presence of antibodies to thyroid peroxidase (TPO-Ab) has been associated with increased risk of miscarriage, preterm birth, and maternal post partum thyroid disease (6, 7) . These findings are significant, because laboratory evidence of thyroid dysfunction is common in women of reproductive age, with the prevalence of elevated TSH ranging from 4 to 9%, and the prevalence of TPO-Ab ranging from 11.3 to 18% in this population (8, 9) . For these reasons, it is important to ensure optimal maternal thyroid function during pregnancy. However, pregnant women with thyroid disease do not always develop symptoms, and when they do, these symptoms can sometimes be attributed to the pregnancy itself (10) . In these situations, accurate laboratory assessment of maternal thyroid function assumes an even greater importance.
Pregnancy produces a series of profound physiologic changes in the mother that have a significant affect on maternal thyroid function. These changes can, in turn, complicate the interpretation of maternal thyroid function tests (TFTs) (11) . As a consequence, the United States National Academy of Clinical Biochemistry (NACB) recommends that 'trimester-specific reference values should be used when reporting thyroid test values for pregnant patients' (12) . In order for these reference intervals to be relevant, they must be determined using well-characterized specimens, and the NACB guidelines call particular attention to the fact that specimens used for such studies should not contain thyroid auto-antibodies (i.e. TPO-Ab and Tg-Ab). The purpose of our study was to determine the prevalence of laboratory evidence for autoimmune thyroid disease (AITD) in pregnant women, establish gestational agespecific reference intervals for thyroid hormones in women without thyroid autoimmunity, and examine the implications of these reference intervals for the interpretation of TFTs in pregnant women.
Subjects and methods
This study was performed on surplus, de-identified serum specimens collected from pregnant women in the Geneva, Switzerland area as part of their routine antenatal care. Exclusion criteria were: miscarriage, currently undergoing treatment for thyroid disease, and any evidence of genetic abnormality in the fetus (e.g. trisomy). A total of 2272 samples were included in the study. For specimens from the first trimester, gestational age was calculated using ultrasound and crown-rump length (13) ; for the second and third trimesters, gestational age was established based on last menstrual period and ultrasound. For each sample, TSH, free thyroxine (FT 4 ), total T 4 (TT 4 ), free triiodothyronine (FT 3 ), total T 3 (TT 3 ), TPO-Ab, and thyroglobulin antibodies (Tg-Ab) were measured using the Abbott ARCHITECT i2000 SR Analyzer (Abbott Diagnostics). The ARCHITECT i2000 SR is a highthroughput immunoassay analyzer that uses paramagnetic microparticles and chemiluminescent detection technology (14) . Each individual sample was tested a single time for each analyte. For TPO-Ab and Tg-Ab, results above the manufacturer's reference limit were considered positive (TPO-Ab O5.61 IU/ml; Tg-Ab O4.11 IU/ml). Specimens positive for TPO-Ab and/or Tg-Ab were excluded from the reference interval analysis. TSH data were log transformed for analysis (12) . Data analysis was performed using Analyse-It software, version 1.73 (Leeds, UK). ANOVA (continuous variables), c 2 or Fisher's exact test (categorical variables), and Spearman rank correlation were used to analyze the data. A twotailed P value !0.05 was judged to be statistically significant. The study design and protocol were reviewed and approved by the Internal Institutional Review Board.
Results
For the study population, median maternal age was 30.8 years (rangeZ17.8-44.3 years). TPO-Ab and Tg-Ab were positive in 10.4 and 15.7% of women respectively. For the first trimester, a total of 1014 women were tested. Mean maternal and median gestational age was 30.4 years and 7.6 weeks respectively. Of these women, 21.4% were positive for TPO-Ab and/or Tg-Ab; 10.8% were TPO-Ab positive and 17.3% were Tg-Ab positive. For the second trimester, a total of 661 women were tested. Mean maternal and median gestational ages were 30.5 years and 16 weeks respectively. Of these women, 19.8% were positive for TPO-Ab and/or Tg-Ab; 10.8% were TPO-Ab positive and 17.3% were Tg-Ab positive. For the third trimester, a total of 598 women were tested. Mean maternal age was 31.4 years (significantly different from the first and second trimester mean maternal age, P!0.001); median gestational age was 32 weeks. Of these women, 15.7% were positive for TPO-Ab and/or Tg-Ab; 9.9% were TPO-Ab positive and 11.7% were Tg-Ab positive. Overall, TPO-Ab and Tg-Ab status were not related to maternal age (PZ0.7394 and PZ0.1758 respectively). TPO-Ab level was related to maternal age (PZ0.035), but Tg-Ab level was not (PZ0.7776). Mean thyroid hormone values were compared in women with and without thyroid auto-antibodies. TSH and FT 3 were significantly higher in antibody positive women (mean TSH of 1.38 vs 0.98 mIU/l, PZ0.0003; mean FT 3 of 4.72 vs 4.56 pmol/l, PZ0.0429). Mean FT 4 and TT 4 were not influenced by antibody status (PZ0.2577 and PZ0.8232 respectively).
Gestational age-specific reference intervals in antibody negative women for each assay are shown in Table 1 . These reference intervals were used to classify TFT results (e.g. 'high'Zabove 97.5th confidence limit, 'normal'Zwithin central 95% confidence interval, and 'low'Zbelow 2.5th confidence limit), and were then compared with classifications determined using the non-pregnant assay-specific reference intervals provided by the assay manufacturer. The number and percentage of results potentially misclassified if nonpregnant reference intervals were used are summarized in Table 2 . For TSH, a total of 82 (3.6%) women with elevated TSH would not have been identified, and 83 (3.7%) women would have been incorrectly classified as having a low TSH. Potential for misclassification of TSH results was greatest in the first trimester (10.4%). For FT 4 , 43 (1.9%) women with elevated results would not have been identified. In the first and second trimesters, 38 women (2.3%) with low FT 4 would not have been identified. In the third trimester, five women (0.83%) would have been incorrectly identified as having low FT 4 . Potential for misclassification of FT 4 results was greatest in the second trimester (5.2%). For TT 4 , 357 women (15.9%) would have been incorrectly identified as high, and 55 women (2.4%) with low TT 4 would not have been identified. Potential for misclassification of TT 4 results was greatest in the third trimester (28.5%). For FT 3 , 67 (3.0%) women would have been incorrectly identified as high, and 58 women (2.6%) would not have been identified as low. Potential for misclassification was greatest in the first trimester (8.3%). For TT 3 , 326 (14.5%) women would have been incorrectly identified as high, and 70 women (3.1%) would not have been identified as low. Potential for misclassification of TT 3 results was greatest in the third trimester (25%). The relationship between maternal TFT and gestational age in women without AITD is shown graphically in Fig. 1 .
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Discussion
In our cross-sectional study, we have determined the prevalence of laboratory evidence for AITD in pregnant women, established gestational age-specific reference intervals for TFT in pregnant women without laboratory evidence of AITD, and examined the effect of reference intervals on the interpretation of maternal TFT. Iodine nutrition status was not assessed in this study, as it has been previously reported that pregnant women in Switzerland are iodine sufficient (15) .
Our data show laboratory evidence of AITD is common in this population, with 19.4% of women testing positive for TPO-Ab and/or Tg-Ab. In women aged 18-44 years, 9.4-15.1% were TPO-Ab positive. Our data roughly agree with those of Hollowell et al. who reported a prevalence for TPO-Ab of 11.3-18% in non-pregnant women aged 18-45 years (9) . In our population, women with TSH O3.0 mIU/l were more likely to be TPO-Ab positive (RRZ4.6 (3.4-6.3), P!0.0001). Regarding elevated TSH, the prevalence of women with TSH above the 97.5th percentile for gestational age was higher in our study (3.6%) than that of Dashe et al. (2.5%) (16) . This could be due to the fact that reference intervals in the present study excluded women positive for TPO-Ab and Tg-Ab, and this would be expected to lower the upper reference limit for TSH (12) .
Gestational age-specific reference intervals were established for TFT after exclusion of women positive for TPOAb and/or Tg-Ab tests (12) . In many cases, these reference intervals are significantly different from those reported by the assay manufacturer for non-pregnant women. As our data show, utilization of non-pregnant reference intervals to interpret TFT in pregnant women has the potential to result in a large number of misclassified results, and could contribute to suboptimal patient care. Since many algorithms for diagnosing thyroid disease start with serum TSH measurement (12) , this is of particular concern for interpretation of maternal TSH values, and our data demonstrate that a large number of these tests would be misclassified when using non-pregnant reference intervals. This is also important for women with established hypothyroidism prior to pregnancy, as these women may require adjustment of their T 4 dose, and careful monitoring throughout pregnancy (10) . Our data demonstrate that the application of non-pregnant reference intervals to the interpretation of TT 4 and TT 3 results in pregnant women is particularly problematic, and support the need for gestational age-specific reference intervals when assessing thyroid function in pregnant women using these tests. Direct comparison of our reference intervals to other published data is problematic for several reasons. Previous studies reporting gestational age-specific reference intervals for thyroid hormones (16) (17) (18) (19) either did not exclude women with laboratory evidence of thyroid autoimmunity, or did not test the full panel of thyroid hormone assays. In addition, because there is no internationally recognized method for standardization of free thyroid hormone tests, assay results, as well as the influence of pregnancy on assay performance, varies among different assay manufacturers (20, 21) . This situation means it is likely that methodspecific reference intervals are required for free thyroid hormone assays (12) .
Given the prevalence and adverse outcomes associated with maternal thyroid dysfunction, considerable discussion has focused on the possibility that screening pregnant women for thyroid disease could improve outcomes for both mother and child. However, screening pregnant women for thyroid dysfunction remains controversial (22) . Opponents of screening point to the lack of controlled clinical trails demonstrating efficacy for screening and subsequent treatment, and suggest that aggressive case finding is more appropriate for identification of maternal thyroid dysfunction during pregnancy (16, 22) . A recent report by Negro et al. has shown that T 4 therapy in pregnant women with AITD improves outcomes, reducing the rate of miscarriage and pre-term birth in treated women (23) . In addition, Vaidya et al. have reported that targeted thyroid function testing of only pregnant women at high risk for thyroid disease (e.g. family history of thyroid disease) would miss about one-third of women with overt and subclinical thyroid disease (18) . When seen in the context of extensive literature reporting adverse outcomes in pregnant women with thyroid dysfunction, these recent studies have prompted further discussion about the best approach to the diagnosis and treatment of thyroid dysfunction in pregnant women, and a renewed focus on the topic of screening all pregnant women for thyroid disease (22) . Whatever approach is taken to identify thyroid dysfunction in pregnant women, appropriate interpretation of TFT plays a critical role in this process.
In conclusion, our study shows a high prevalence of laboratory evidence for AITD in pregnant women, and that reference intervals for TFTs in pregnant women can be significantly different from those in nonpregnant women. Application of non-pregnant reference intervals to the interpretation of TFT in pregnant women has the potential to result in misclassification of patient test results. Accurate classification of TFT in this population requires the use of gestational age-specific reference intervals. 
